kinase (MLCK), and the knockout of myosin II-B in mouse embryonic fibroblasts all inhibited ␤-actin mRNA from localizing in response to growth factors. Conclusions: We therefore conclude that the sorting of ␤-actin mRNA in fibroblasts requires a Rho mediated pathway operating through a myosin
Background Results
In order to understand the cellular mechanisms effecting The leading edge of fibroblasts is a structure specialized this sorting, we investigated how signals are transduced for cell motility by the polymerization of actin filaments from cellular receptors into RNA movement. Localization [1] . Just proximal to the leading edge, we have shown, is of ␤-actin mRNA is dependent on the actin cytoskeleton the site of ␤-actin mRNA localization in the lamella [2] .
since CEFs treated with cytochalasin D at concentrations A specific sequence in the 3Ј untranslated region (UTR) that disrupt microfilaments inhibit the induction of localof the ␤-actin mRNA, termed the "zipcode" [3] , is necesization by the growth factor LPA [7] , while treatment sary for the localization of the mRNA and specific transwith nocodazole at concentrations that disrupt microtuacting factors, termed "zipcode binding proteins" [4] , recbules had no effect ( Figure 1a) . Similarly, introduction of ognize this zipcode and are likewise part of the mechanism latrunculin B at concentrations disrupting microfilaments that transduces the nucleic acid information into cellular also strongly inhibited localization ( Figure 1b) . spatial information. The spatial distribution of the ␤-actin mRNA is important for cellular asymmetry and polarity; when ␤-actin mRNA is missorted in fibroblasts by the use Since Rho family GTPases regulate actin cytoskeleton of antisense oligonucleotides directed against the zipcode organization [8], one or more of these signaling proteins sequence, it leads to diminished cell polarity [2] and demay also regulate ␤-actin mRNA localization. C3 transcreased motility of the fibroblasts [5, 6] . How does the ferase inactivates Rho [9] when it is added to the culture mRNA know where to go? Growth factors can affect the media [10] or microinjected [11] . In the present study, site of ␤-actin synthesis in the cytoplasm by inducing we found that when fibroblasts were exposed to C3 transrapid localization of ␤-actin mRNA toward the leading ferase, the localization of ␤-actin mRNA was inhibited edge in chicken embryo fibroblasts (CEFs) [7] . This when it was induced by LPA but not by serum (Figure movement of RNA is signaled through a signal transduc1c). This suggests that ␤-actin mRNA localization can be tion cascade involving the G proteins, but it is currently induced through a Rho dependent pathway after LPA unknown how this mechanism impinges on the RNA stimulation for 10 min. It may also be induced via alternative stimulatory pathways, presumably by other factors movement or what the players are in this process. , did not induce may be due to the lower permeability of the cells to C3 localization; in this way it is similar to the EGFP vector relative to Y-27632, and this lower permeability may result alone (Figure 3c ). These data indicate that p160ROCK in less effective inhibition of stress fiber formation.
is a downstream effector involved in Rho-mediated induction of ␤-actin mRNA localization, specifically in the moveTo verify the importance of these Rho-associated kinases ment of ␤-actin mRNA in response to growth factors. in the induction pathway, we transfected CEFs with a wild-type construct for p160ROCK and with a mutant containing a defective kinase and defective Rho binding How might RNA localization occur on an actin-based struc- . Treatment with each of these inhibitors resulted in delocalized ␤-actin mRNA (Figure 4a ).
In order to evaluate the specific myosin required for localization, we investigated RNA movement versus anchoring in mouse embryonic fibroblasts (MEFs) from myosin II-B knockout mice [26] . We focused on this specific knockout because isoforms of myosin II have been shown to localize differentially in some non-muscle cell types. For instance, in Xenopus A6 cells, myosin II-B localizes at the leading edge [27] and can be found in lamellar regions of other cell types [28] . Wild-type (NMHC-IIB ϩ/ϩ) and heterozygous (NMHC-IIB ϩ/Ϫ) MEFs localized ␤-actin mRNA to the leading edge in a manner similar to that of CEFs when they were cultured in serum (not shown). MEFs from myosin II-B knockout mice (NMHC-IIB Ϫ/Ϫ) did not localize ␤-actin mRNA as well as cells from heterozygous and wild-type mice (Figure 4b ). However, an even more striking disparity was seen when we serum stimulated myosin II-B knockout cells in order to induce RNA movement. (2) activate the RhoA cascade (3) through Rho-kinase, (4) which activates myosin II-B light chains and filament assembly, which forms an mRNAcomplex, (5) which then moves over polarized actin bundles to disassemble toward the leading edge as a result of heavy chain phosphorylation, (6) and the RNA then anchors. The speed of myosin The localization of ␤-actin mRNA is dependent on myosin II-B. movement predicts that the mRNA would only be transported for (a) The effects of actomyosin interaction inhibitors on ␤-actin mRNA 20 s before it becomes anchored. Hence, the steady-state distribution transport and localization. The percentage of cells exhibiting of the mRNA population would be at the lamella. localized ␤-actin mRNA is shown (n ϭ 800). CEFs in 10% serum (dark bars), serum-starved cells (light bars) that were then serum-In contrast to wild-type and heterozygous cells, these cells diately effect physiological changes within specific cellular compartments. showed no increase in the localization of ␤-actin mRNA after serum stimulation (Figure 4c ). These data suggest
Materials and methods that myosin II-B plays a role in the movement of ␤-actin
Materials mRNA to the leading edge.
Lysophosphatidic acid (LPA: Oleoy-sn-glycero-3-phosphate) and BDM (2,3-butanedione 2-monoxime) were purchased from Sigma Chemical Co.
Myosin II-B could act as a motor in ␤-actin mRNA trans-(St. Louis, Missouri). Cytochalasin D, nocodazole, H7, and ML-7 were port or play a structural role that is necessary for move- phorylation [20, 21] and consequent motor activity, we investigated phosphorylated myosin II distribution by us-
Cell culture and inhibitor treatments
CEFs were seeded on coverslips and grown for 24 hr, followed by treat- and deactivation can be spatially regulated [33] . Rho- internally near the nucleus, where myosin filament assemon each coverslip, incubated for 15 min at 37ЊC, then fixed and processed for in situ hybridization with alkaline-phosphatase detection. BDM bly, stress fiber formation, and motility occurs [33] . PKC (20 mM) and H7 (300 M) were added to the cultures for 1 hr, and in the periphery of the cell can phosphorylate myosin ML-7 (1 M) was added for 30 min. Cells were fixed in PFA immediately II-B heavy chains and promote disassembly [34, 35] at after all treatments.
the leading edge. This could transport the mRNA bound to the myosin toward the leading edge, where it would
Transfections and in situ hybridization
For transfections, CEFs were seeded on coverslips, grown for 24 hr in anchor to actin filaments when the myosin filament disas-DMEM containing 10% FBS, washed in HBSS, and then placed in sembles (Figure 4e ).
6-well dishes containing DMEM. DMEM (2 ml) with 2.5 g plasmid DNA and 11.25 l TFX 50 (Promega) was then placed in each well and incubated
The preceding work demonstrates how extracellular sig- 
